The Himalayas, the longest chain of mountains in the world, experiences extensive snowfall and avalanche activim durine winter. Some of these areas are denselv oonulated. and death and destruction -, & on large scale due to avalanche activity has been reported in these areas. One of the ways of reducing the loss of life and material due to avalanches is through prediction of avalanches. An understanding of weather forecasting, terrain, and avalanche initiation mechanism is a prerequisite for avalanche prediction. In the present paper mathematical modelling of avalanche initiation mechanism has been discussed.
INTRODUCTION
initiati~n',~. Many studies',' exist that model a snowpack A snowpack on the slope is rarely homogenous and consists of a number of layers of varying microstructure and properties. Depending on the weather conditions that these layers experience during their formation, or later, these can have varying strength. A weak layer embedded in the layered snowpack reduces the strength of the whole snowpack. The weak layer normally has superweak zones (cracks) which act as stress raisers. Also, it does not form a good bond with the snow layers between which it is sandwiched. Under sustained shear loads due to gravity load or overloads due to fresh snowfall, the propagation of crack becomes the main reason for slab failure and an avalanche to occur.
It is now commonly assumed in literature that shear failure of snow followed by tensile crown failure, is the main mechanism of slab avalanche as a continuum with a discontinuity, such as a crack. They also report large stress concentration close to the discontinuity. A review of slab avalanche release has recently been published by Schweizer3. Based on simple statical calculations, he reports the length of the discontinuity to be between 0.1 m to 8 m depending on the tensile strength of snow3. These discontinuities have, however, not been observed in the field conditions and Schweizer suggests the use of statistical approach to study avalanche initiation. The weak zone approach along with fracture mechanics has been used by McClung' and Bader and Salms. These authors have attempted to tackle the problem using two different approaches. McClung applied a model developed by Palmer and Rice6 for the growth of shear band in an over consolidated clay mass. The approach specifies that a shear band is initiated at the stress concentration in the weak layer; a slow strain softening at the tip of the crack follows, until a critical length is reached, where upon the crack propagates rapidly. The Palmer and Rlce model is able to predict a number of features o f snow slab failure. Bader and Salm introduced a super-weak zone within the weak zone. Using finite-element method, they calculated stresses, strains, and strain rates in a snowpack. If at tip of super-weak zone strain rates equal the critical value for ductile fracture propagation, a fracture propagates. The speed of propagation is calculated assuming a constant shear stress and strain rate value over the length of influence, which is the distance from the end of the super-weak zone to a point where shear stresses reach 105 per cent of the undisturbed value. Brittle failure starts if the crack length is large enough for the strain rates at crack tip to exceed brittle failure.In the present work, the avalanche initiation problem has been studied assuming snow to be a continuum with a crack, as done by McClung4. It is the propagation of this crack, which leads to avalanche initiation. It is to be realised that the crack can propagate both by failure of snow in the weak layer and also due to interfacial bond failure between the weak and the strong layer. This interfacial failure can be quite prominent as bond development between the weak layer (of TG grains or frozen ice) and strong layer is quite poor. Data are not available for this interfacial strength and Bader and SalmS do not seem to have looked at this failure mode.
GOVERNING EQUATIONS
Though the snow slab is made of a number of weak and strong layers, it has been idealised as a continuum made of two strong layers with a weak layer sandwiched between these. The weak layer has a super-weak zone, which acts as stress concentrator. Fig.1 shows one such snow slab 20 m long, with 1 m thick strong layers and 5 mm thick weak layer. The crack region is 4 m long and the slab is lying on a uniform slope of 30".
To determine the stress state in this slab, the following equations are needed for any layer: Equilibrium Equation 
Boundary Conditions
The weak layer has a crack of varying length (:.-I0 m) and thickness of same magnitude as the thickness of the weak layer. The top layer is traction free. The bottom layer is assumed to be fixed to the ground, so that displacements due to gliding are neglected.
Material Properties
Physical Properties of all the three layers of the snowpack are listed below in Table 1 . 
Failure Criterion
The propagation of the crack takes place by debonding along the interface of the layers or/and by fracture of snow particles. For the crack to propagate, two failure criteria one for failure of snow and the other for debonding between the layers are introduced. If the snow failure criterion is satisfied by a region, then the stiffness of that reglon is reduced to a very small value. Similarly, if the debonding criterion is met at a point of the interface, then the interface is separated into two surfaces at that point.
The failure criterion used for snow is one given by Narita7 on the basis of tension tests. The failure strain for snow as shown in Fig. 2 is a function of strain rate. At strain rate of I@', snow behaves as a brittle material.
Debonding is a process by which one can separate two initially and partially bonded surfaces under adequate loading condition. 
Finite-element Modelling
To solve the above equations,' finite-element method has been employed using a general purpose high ended package ABAQUS (version 6.2). Twodimensional 4-noded quadrilateral and 3-noded triangular elements have been used. The triangular elements are mainly used at the crack tip. The model has around 14663 elements and 16025 nodes. Close to the crack tip the mesh is very fine and approximate area of element is 0.02 mm2. whereas close to the free surface, it is about 10Smm2. This grading of the mesh is achieved using multi-point constraint option available in ABAQUS. The fine grading of the mesh avoids numerical difficulties and convergence problems faced close to the crack tip under shear and compressive loads. Figure 3(a) shows the complete mesh along with exploded view of the mesh in Fig. 3(b) and Fig. 3(c) shows the fine grading close to the crack tip.
To model the compressible creep behaviour of snow, USER SUBROUTINE of ABAQUS was used to link the constitutive behaviour with ABAQUS. The deformation of snow under its own weight was studied for a load application time of 36 h. The crack propagation due to failure of snow and debonding between the layers (using the two 'failure criteria mentioned earlier) was observed &ring the load application. Both the failure criteria were applied simultaneously. The debond criterion is applied at the left-top comer and the bottom-right comer of the crack as shear stresses are maximum in these. regions.
To analyse the debond~ng, a contact palr between the two crack surfaces was established to avold penetration between these during the deformat~on. Contact was also established between the two surfaces ahead of the crack t~p where the debonding phenomenon was to be carried out. To carry out the above phenomenon, dupl~cate nodes wereintroduced along the surface of the debond (i.e., at the same coordinate points) to facilitate the separation of the nodes under the debonding effect.
RESULTS & DISCUSSION
In the study of avalanche initiation stresses, o,, and o,, play an importantrole. a,, seems to be responsible for the initial fracture of slab due to debonding subsequently, cr,, at the top comer of the crack and at the free surface of slab above the top comer seems to be responsible for breaking of slab from the remaining snow mass. Figure 4 demonstrates the distribution of shear stress contours cr,,, without the action of any load on the surface of the snowpack, along the left slde top crack tip.
Stress Contours
As stated, shear failure followed by tensile failure is the main reason of slab avalanche initiation. Thus, the cr,, contours in The distribution of shear traction between the top and weak layer interface has also been shown in graphical form in Fig. 6 . The figure shows high stresses at the crack tip which fall down rapidly to 0.002Nlmm2 away from the tip. Figures 7(a) and 7(b) depict those elements ahead of the crack tip where strain in snow exceed the failure strain. For further analysis, the stiffnessof these elements was reduced to zero. It was observed that very few elements in the slab exhibited this type of failure, as strain rates in those elements remained very low. The approximate size of this region is 1.2002m x 0.625m.
The debond crack propagates much faster down the slope, between the upper strong and the middle weak layer, as compared to other probable debond locations. This is shown schematically in Figs 8(a) and 8(b). The second mode of failure, debonding, seems to be more significant.
Various conditions can have an effect on the propagation of crack in a snowpack. Some of these conditions include crack length, bond strength between the interface layers, additional load due to weight of additional fresh snowfall. Following are some of the case studles that br~efly elucidate the results obtained for the debonding phenomenon in the snowpack under the influence of various parameters stated above.
Case 1
In this case, the effect of the weight of the additional fresh snowfall has been studied with some specified set of data shown in Table 2 . To study the effect of this parameter, a snowpack model with a crack length of 4 m is taken. Table 2 lists the result of debonding criterion with and without fresh snowfall load application on the snowpack with 4 m crack. To apply the debonding criterion for more length, one needs to have a finer mesh completely around the debond path. But the mesh patterns in the present case are very fine at the crack tip and gradually coarsen towards the exterior areas. Thus, the study was limited to a debonding length of only 27 mm for the analysis with the first 20 nodes considered for debonding.
It can be observed from Table 2 that additional load due to fresh snowfall increases the rate of debonding.
Once the significance of debonding in snow failure was understood, the emphasis was on how debond strength between layers and additional loads on snow due to weight of snow or addttional snowfall affect the rate of debonding. It may be mentioned In this case the effect of crack length in a snowpack has beenstudied. For this analysis, models with the crack length of both 2 m and 4 m have been considered for better comparison. Initially, the models were analysed without the application of any surface load. Table 3 shows the results obtained from this analysis and.gives a comparision of the effect of initial crack length on crack propagation time. It is observed that crack propagates to a longer length when the initial crack sizeis big. Also, the time taken for debonding 2.7 mm for 2 m crack length is 4254 s and is relatively more when compared with time required for 4 m crack length. Also in both the cases, debonding stopped very soon although deformation continued for the full 36 h. Finally, debonding rates under 500 N external load for two different crack lengths were looked at. As the debonding phenomenon occurs at a very fast rate under the application of load, a debonding length of 102.5 mm with 43 nodes was considered for debonding in this analysis. The results from this analysis are presented in Table 4 . 
CONCLUSION
It has been observed that the debonding rate in any snowpack with a crack in its weak zone is chiefly dependent on the crack length and weight of additional fresh snowfall or skier load. It can also be infered from this study that the failure in any snowpack is mainly due to debonding (i.e., interfacial failure) and not due to the failure of internal snow particles. Thus from this study one can conclude that an avalanche will be initiated primarily in an snowpack due to the presence of cracks in weak zones usually accompanied by an initial debonding.
